A new circadian clock mutant of Neurospora crassa has been isolated, whose most distinctive characteristic is the complete loss of temperature compensation of its period length. The Q 10 of the period length was found to be equal to about 2 in the temperature range from 18&deg; to 30&deg; C. The period length was also found to be dependent on the composition of the medium, including the nature and concentration of both the carbon source and the nitrogen source. Although the rate of the clock and the growth rate were directly related when affected by varying the temperature, they were inversely related when altered by changing the composition of the medium. Therefore, the mutation has not simply coupled clock rate to growth rate in this strain. The mutation maps to the frq locus, where seven other clock mutations previously studied also map. Therefore, this mutant has been called frq-9. Since several of the other frq mutants show partial loss in temperature compensation, it is suggested that the frq gene or its product is closely related to the temperature compensation mechanism of the circadian clock of Neurospora. , 1. Present address:
Loss of Temperature Compensation of Circadian Period Length in the frq-9 Mutant of Neurospora crassa Genetic studies on circadian rhythms have identified clock genes in several organisms, which, when mutated, result in a change in the period length of the circadian clock. Such genes have been found in Chlamydomonas, Drosophila, and Neurospora (for a review see Feldman, 1982) . In Drosophila a majority of clock mutations map to a single locus called per (Konopka, in press ). Mutants at the per locus exhibit either a short period, a long period, or arrhythmicity (Konopka and Benzer, 1971) .
In Neurospora crassa, 12 clock mutants have been isolated-1 in each of five genes, and 7 that map to a single locus called frq (Feldman and Dunlap, 1983) . Four of the frq mutants have period lengths shorter than that of the wild type, while three have longer ones (Feldman and Hoyle, 1973; Gardner and Feldman, 1980) . The frq mutants are highly specific for their effects on the clock, since no other phenotypic alteration has yet been detected. In addition, frq mutants show the intriguing property of incomplete dominance and gene dosage effects. Heterokaryons of a frq mutant and its wild-type allele or of two frq mutants have period lengths intermediate between those of the two parents, and the exact value of the period length depends on the ratio of the two types of nuclei. This proportionality between the number of copies of the gene and change in clock periodicity has led to the suggestion that the frq gene or its product is part of, or very closely coupled to, the basic clock timing mechanism (Feldman and Hoyle, 1976) .
We have recently identified a new clock mutant that also maps to the frq locus; however, it is unique in that it is recessive to the wild-type frq + allele and to other frq mutants (Loros et al., in press ). Here we describe the physiological characteristics of this mutant, called frq-9, and show that in this regard, too, it differs significantly from the other frq mutants, most notably in that it has lost temperature compensation of its period length. , MATERIALS AND METHODS ' STRAINS AND CULTURE CONDITIONS All strains of Neurospora crassa used in these experiments contained the bd mutation, which allows clear expression of the circadian conidiation rhythm on &dquo;race&dquo; tubes but does not affect the clock itself (Sargent et al., 1966) . Stock cultures were maintained on Horowitz complete medium (Davis and deSerres, 1970) .
ASSAY OF THE CIRCADIAN RHYTHM
The circadian rhythm of conidiation was assayed on race tubes as previously described (Dharmananda and Feldman, 1979; Feldman, 1983) , except in experiments measuring period length of the new mutant frq-9, where race tubes 60 cm long instead of the usual 30 cm were used in order to collect data for up to 20 days. This was required because frq-9 often does not begin to express a rhythm until 5-7 days after transfer to constant darkness (DD) (see &dquo;Results&dquo;). The media for period length and light entrainment experiments were all modifications of the basic medium of Sargent and Briggs (1967) , which contained Vogel's (1964) salts, 0.5% arginine-hydrochloride or 0.05% casamino acids (Difco), 0.3% glucose or other sugar, and 1.5% agar. The standard acetate-casamino acids medium contained Vogel's (1964) salts, 1.2% sodium acetate (anhydrous), 0.05% casamino acids, and 1.5% agar.
LIGHT ENTRAINMENT
To measure the ability of visible light to entrain the rhythm, replicate cultures were grown at appropriate temperatures in the dark. Experimental cultures were given 5 min of white light (40 W fluorescent, 500 lux) at 24-hr intervals, while dark controls were maintained in the same growth chamber as experimental cultures but kept in DD. The amount of light given in the light pulse was approximately 20 times greater than that needed to saturate the phase-shifting response of the wild-type strain (Dharmananda, 1980; Nakashima, 1982) .
RESULTS

, ' _ INITIAL CHARACTERIZATION OF THE MUTANT
A new circadian clock mutant of Neurospora crassa, called frq-9, was isolated after mutagenesis of the bd strain (Loros et al., in press ). When initially screened for rhythmic conidiation on our standard acetate-casamino acid medium in DD, race tube cultures showed little or no evidence of rhythmicity. In most tubes conidiation was continuous, although occasionally there was a suggestion of a very short period length of about 12 hr. However, these conidial bands were too faint to yield reliable measurements of clock periodicity. When the mutant was tested on glucose-arginine medium, it was also arrhythmic for several days after being placed in DD. However, 3-7 days after transfer to DD it began to exhibit conidial bands, with a short period length of about 18 to 19 hr at 25°C. (Under these conditions, the wild-type frq+ strain begins conidial banding during the first cycle in DD and has a period length of about 21.5 hr.) In addition to the altered period length and expression of banding, there was often considerable variability from tube to tube in the number of days before the start of banding. Even more surprising, once banding did begin, there was considerable variability in the phase of the rhythm from tube to tube, even among tubes where banding began on the same day ( Fig. lA ).
THE PERIOD LENGTH OF frq-9 IS TEMPERATURE-DEPENDENT
In contrast to the temperature-compensated period length of wild-type Neurospora and other organisms, the period length of frq-9 has been found to be strongly temperature-dependent. On glucose-arginine medium at 18°C the period length was about 31 hr, while at 30°C its period length was about 14 hr ( Fig. 2A ). When maltose was FIGURE 1. (A) Phase variability among replicate cultures of frq-9 in constant dark. A total of 48 cultures were inoculated at the same time, grown for 24 hr in constant light (LL), then transferred to constant dark (DD). Data for 12 of these, which all began conidial banding on the 5th day after transfer to DD, are shown here. Each dot represents the phase of an individual culture on the 7th day after inoculation. (B) Synchronization of phase in cultures of frq-9 exposed to a 5-min pulse of light every 24 hr after inoculation. Data are presented for ten replicate cultures as in A. The phases on the 7th day after inoculation are shown. FIGURE 2. (A) The temperature-dependent period length of frq-9 on three different media and at several temperatures. All carbon source concentrations were 0.3%. The period lengths of the wild type were determined on all media but were not significantly different from those shown on glucose-arginine. (B) The linear growth rates of frq-9 are shown for the experiments in A. Wild-type growth rates are shown only for glucose-arginine. Symbols for frq-9: Filled circles, maltose-arginine; filled squares, glucose-arginine; open squares, maltose-casamino acids. Symbols for frq+: open circles, glucose -arginine. _ , ~.. substituted for glucose, similar results were obtained, but the period length was 1-2 hr longer than with glucose at all temperatures except 30°C (see below). Overall, the Q10 of the period length was approximately 2, although the temperature dependence was generally somewhat greater at the lower temperatures than at the higher ones.
In contrast to the significant alteration in clock periodicity in frq-9, the growth rate (and temperature dependence of growth rate) was found to be similar to that in the wild-type strain. As depicted in Figure 2B , frq-9 showed a linear growth rate similar to that of frq + , and the linear growth rates of both strains were typically temperature-dependent. Similar results were obtained when growth rates were determined by dry weight measurements in liquid cultures. THE frq-9 MUTANT IS LIGHT-SENSITIVE The frq-9 mutant has retained a characteristic feature of circadian rhythms-sensitivity to visible light. This was demonstrated in several ways. First, as in the wild-type strain, the rhythm was not expressed (i.e., was damped) if race tubes were maintained in constant light (500 lux, cool white fluorescent). This was true for cultures maintained in constant light (LL) for up to 20 days. Second, when tubes showing rhythmicity in DD were transferred to LL, the rhythm damped out within one cycle; again, this result was similar to that seen with the wild-type strain.
Third, and most significant, was the fact that the rhythm in frq-9 could be entrained to a 5-min pulse of light given once every 24 hr. Cultures were grown at different temperatures on various media where the period length in DD was either shorter or longer than 24 hr. As shown in Table 1 , in most cases, cultures exposed to the repeated light pulse exhibited a 24-hr period length. Furthermore, the entrained cultures showed considerably less variability in phase, compared with the cultures in DD (Fig. 1B ). Only at 24°C and 25°C, where the period length in DD was 17 to 18 hr, did the culture not entrain. Even this result is consistent with previous findings on light entrainment in Neurospora, since it has been shown that single light pulses cannot entrain a culture if the period length is more than 6 hr shorter than the light cycle (Feldman, unpublished) . Presumably, this results from the fact that the maximum phase delay that can be produced by a single light pulse in Neurospora is about 6 hr (Sargent and Briggs, 1967; Nakashima and Feldman, 1980) . THE PERIOD LENGTH OF frq-9 IS MEDIA-DEPENDENT Another difference found between frq-9 and the wild-type strain was that the period length was dependent on the composition of the medium. As shown in Figure 2A , the substitution of maltose for glucose in the medium lengthened the period by about 2 hr. In addition, the substitution of casamino acids for arginine when maltose was the carbon source lengthened the period by several more hours. &dquo;Light pulse: 5 min of light every 24 hr. nGlucose or maltose concentration was 0.3%; arginine concentration was 0.5%. 'Period length (in hours) ± standard deviation; numbers of race tube cultures are in parentheses.
The period of length of frq-9 was found to be sensitive not only to the nature of the carbon source, but also to its concentration. Figure 3A shows that for frq-9 at 25°C, as the concentration of carbon source was increased, the period length was also increased; that is, the clock ran more slowly at higher carbon source concentrations, despite the fact that the growth rate increased as carbon source concentration increased (Fig. 3B ). This generated the paradoxical result that when the growth rate was increased by increasing the carbon source concentration the clock ran more slowly, but when growth rate was increased by increasing the temperature (see above) the clock ran faster. Therefore, the effects of environmental factors on clock periodicity are not merely a reflection of their effect on growth rate.
FACTORS AFFECTING THE BANDING OF frq-9
As mentioned above, a unique characteristic of the frq-9 mutation found here was the absence of conidial banding for several cycles after light-grown cultures were placed in DD. One explanation for this result could be that the expression of the rhythm in this mutant was initially inhibited by certain environmental conditions inside the race tube during the first several days after inoculation. It has previously been shown, for example, that high carbon dioxide concentrations in the race tube inhibit conidial banding (Sargent and Kaltenborn, 1972 ). An alternative explanation could be that the clock itself did not run normally immediately after transfer to DD and required several days to become fully functional after the transition from LL to DD. To distinguish between these two hypotheses, two experiments were carried out. In the first, replicate cultures were inoculated onto race tubes and left in LL for 1, 3, or 5 days and then transferred to DD. Figure 4 shows that conidial banding began at FIGURE 3. The period length of frq-9 is dependent on the growth medium. (A) The period length of frq-9 on glucose-arginine and maltose-arginine media. The period length of the wild type was similar on both media. (B) Linear growth rates for frq-9 on both media. The growth rate of the wild type on maltose-arginine was the same as on glucose-arginine. Symbols for frq-9: open circles, maltose-arginine; filled circles, glucose-arginine. Symbols for frq+: filled squares, glucose-arginine. FIGURE 4. Diagram of conidial banding pattern in cultures of frq-9 inoculated at the same time but transferred to DD after 1, 3, or 5 days in LL. Four replicate cultures for each conditions were grown on maltose-arginine medium at 25°C. The time of transfer from LL to DD for each culture is marked by a vertical arrow. The vertical lines on the tubes indicate the position of the growth front at daily intervals. ~ z , approximately the same position in the tube (i.e., on the same day) for all cultures, independent of the time of transfer from LL to DD. Thus, initiation of banding depended on the length of time after inoculation, not the length of time after the transition from LL to DD. This result suggests that it is the expression of banding rather than the clock itself that is affected at the beginning of the race tube.
Further support for this notion came from a second experiment in which either mycelia or conidia from cultures growing in the dark and showing clear conidial banding were transferred to new race tubes in the dark (i.e., in red safelight). In both cases the new cultures did not begin banding until they had grown for several days along the race tube, even though they had come directly from cultures that were already expressing a clear rhythm.
DISCUSSION
The primary finding reported here is that a newly isolated circadian clock mutant of Neurospora crassa has shown a complete loss of temperature compensation of its period length: The QlO of its period length was found to be approximately 2 under a wide range of experimental conditions. Evidence presented elsewhere (Loros et al. , in press) shows that this mutant maps to the frq locus, where seven other circadian clock mutants are located. Therefore, this mutant has been named frq-9. However, frq-9 is quite different from the other frq mutants in several respects. For example, frq-9 is recessive to frq + and to the other frq alleles, while the other frq mutants exhibit incomplete dominance. In addition, frq-9 does not show the gene dosage effects on period length that the other frq mutants show (Feldman and Hoyle, 1976; Loros et al., in press ). Finally, none of the other frq mutants shows the delay in expression of conidial banding seen in frq-9 (Fig. 4) .
On the other hand, a comparison of the temperature compensation properties of frq-9 with those of the other frq mutants does reveal some similarities. Although the short-period frq mutants ( frq-1, frq-2, frq-4, frq-6) show normal temperature compensation of period length, frq mutants with long periods ( frq-3, frq-7, frq-8) show a partial loss of temperature compensation, and the mutants with the greater alterations in period length ( frq-7 and frq-8, period length about 29 hr at 25°C) also show a greater loss in temperature compensation (Qlo = 1.4) (Gardner and Feldman, 1981) . It could be, then, that frq-9 represents an even more extreme mutation of the type that occurs in frq-7. In fact, frq-9 could represent a null mutaton at this locusthat is, a complete loss of gene function-and this is consistent with the recessive nature of the frq-9 mutation (Loros et al., in press ).
Finally, it is interesting that the period length of frq-9 is highly sensitive to the composition of the medium on which it is grown. This is in contrast to the behavior of both the wild type and the other frq mutants, whose clock periodicity does not change (i.e., is compensated) when the cultures are grown on media of different composition. This result is consistent with the suggestion (Pittendrigh and Caldarola, 1973) that temperature compensation represents just one aspect of a homeostatic mechanism that maintains a constant period length under a variety of environmental conditions. Here, a mutation that alters temperature compensation simultaneously alters &dquo;media compensation.&dquo; A similar conclusion was reached by Nakashima and Feldman (1980) , who showed that in the wild-type strain of Neurospora, above 30°C there was a partial loss in temperature compensation (Qio -1.3), and in this same temperature range the period length also became dependent on the composition of the medium.
Like all other frq mutants, frq-9 has been found to show normal growth rates and normal development, with the exception of formation of macroconidia. Although this was not studied systematically here, frq-9 appeared to produce fewer conidia with less pigment than the wild type, since cultures were somewhat paler than those of the wild type. However, the viability of the conidia appeared normal as judged by colony formation (Loros et al., in press) . Also similar to the other frq mutants was the apparent normal entrainment to light-dark cycles seen in frq-9 (Table 1) and the damping of the rhythm in LL. However, since the dosage dependence of the light responses was not measured and since the light dosages or intensities used were significantly above saturation for the wild-type strain, changes in light sensitivity in frq-9 would not have been detected.
Since the temperature dependence of circadian period length in frq-9 is similar to the temperature dependence of growth rate, one might speculate that the two processes have become coupled in frq-9. However, this is clearly not the case, since growth rate and clock rate were inversely related when they were altered by changing the composition of the medium. For example, when the maltose concentation was increased from 0.3 to 1.0% at 25°C, the growth rate increased by 4 mm per day, while the period length of the rhythm was lengthened by 4 hr or more (Fig. 3) . A similar inverse relationship between growth rate and clock rate has also been reported in the case of cysteine auxotrophs grown under conditions of limiting sulfur concentrations: As the concentration of sulfur was decreased, growth rate decreased, but clock rate increased-that is, the period length shortened (Feldman and Widelitz, 1977) . It is also tempting to try to relate the behavior of frq-9 to the findings of Brody and his colleagues concerning the effects of fatty acids on temperature compensation (Brody and Martins, 1979; Mattern et al., 1982) . Studying a strain called cel, a (leaky) fatty acid auxotroph of Neurospora, they found that below 22°C the period length was temperature-dependent. They also found that this &dquo;breakpoint&dquo; temperature could be lowered by the addition of long-chain saturated fatty acids or raised by the addition of unsaturated or short-chain fatty acids. Although these results are often attributed to the effects of fatty acids on membrane properties, Mattern and Brody (1979) have presented data that raise questions about this interpretation. They have shown that although the effects of fatty acids on clock periodicity do not occur in the wild-type strain, the metabolism and incorporation of the fatty acids are nearly the same in both cel and the wild type. In a preliminary study, no significant differences in total fatty acid composition were found between frq-9 and frq + (Feldman et al., 1986) .
One final point that requires comment is the high degree of phase variability in replicate cultures of frq-9. One suggestion is that Neurospora mycelium contains multiple oscillators (Dharmananda and Feldman, 1979; Feldman and Dunlap, 1983) and that the transition from light to dark, which normally synchronizes these oscillators in the wild-type strain, fails to do so in frq-9. This notion arises from the facts that in the absence of environmental cues the phase of the clock is determined by the time of conidial germination (Dharmananda, 1980) , and that in our inoculation system such germination is highly asynchronous. According to this hypothesis, frq-9 begins to express conidial banding when the multiple oscillators ultimately mutually entrain eacb other and become synchronized in this manner. Such a phenomenon would be similar to what is seen when two cultures that are out of phase with each other are allowed to fuse: Initially, two conidial bands form each cycle corresponding to the phases of the original cultures, but after 3-7 days only a single conidial band per cycle is seen (Woodward, personal communication). If this were the case, one would expect that the cultures of frq-9 exposed to the daily light pulse in the present study would have begun banding sooner than cultures in DD, but this was not so. Furthermore, this hypothesis does not explain why a culture that had already initiated banding lost its overt rhythmicity and phase stability when reinoculated in the dark onto a new race tube. Further experiments will be necessary to elucidate this phenomenon.
The existence of a recessive mutant at the frq locus that has completely lost temperature compensation of its period length is consistent with our previous suggestion, based on analysis of the frq mutants, that the frq locus or its gene product is related to the temperature compensation feature of the clock (Gardner and Feldman, 1981) . The recessive nature of the frq-9 mutation and the consequent possibility that it represents the null phenotype of the frq locus offer a new tool for the molecular studies on the frq locus and efforts to directly determine the biochemical nature of the gene products. The frq-9 mutant should also be valuable for testing both physiological and biochemical models about the nature of temperature compensation.
